Abstract A study was performed to examine the effects of reclaimed-water irrigation on microorganism concentration in the ponded-water of paddy rice plots. Several treatments were used and each one was triplicated to evaluate the change of indicator microorganisms (total coliforms (TC), faecal coliforms (FC), and E. coli) concentrations in 2003 and 2004 growing seasons. Their concentrations increased significantly after irrigation, but decreased by approximately 45% in 24 h. It implies that agricultural activities such as ploughing and fertilising need to be practiced one or two days after irrigation, considering health risks. Treatments with UV-disinfected water irrigation, demonstrated significantly lower concentrations than others, including control plots where natural water was irrigated. The monitoring result from actual paddy rice fields and experimental paddy plots showed that concentrations of indicator microorganisms ranged from 10 2 to 10 5 MPN/100 mL. The field scale water reuse research project is in progress and national guidelines for reclaimed-water irrigation are under preparation in Korea. A comprehensive assessment of existing agricultural practices and a thorough monitoring in the fields as well as treatment plots are recommended to make national guidelines more representative.
Introduction
Korea is classified as a country of water shortage; it is expected that in 2020 the national water shortage will be more than 15% of the annual water demand (MOCT, 2001) . Increasing sewage discharges associated with the growing population threaten the water quality of receiving water bodies, and some water bodies often experience water quality problems. One of the major concerns with wastewater reclamation and reuse is the increased likelihood of human contact resulting in possible exposure to pathogens and increased health risks, and health protection should not be compromised through the use of reclaimed-water. Health regulations, aimed at providing protection to the health of the public who consume crops irrigated by wastewater, were initiated by California State which established, in 1933, the first microbial effluent standards for crops eaten raw at a coliform concentration equivalent to that required for drinking water (then 2.2 MPN/ 100 mL). In 1982, the World Bank and WHO embarked on a broad spectrum scientific study involving three teams of independent scientists to review the epidemiological and technological evidence available concerning health risks associated with wastewater irrigation, so as to provide a rational health basis for the regulation of microbial guidelines for wastewater irrigation (Mara and Cairncross, 1989) . These studies resulted in 1989 in the WHO "Health Guidelines for the Use of Wastewater in Agriculture and Aquaculture", based on the new epidemiological and technological evidence, which recommended the microbial guidelines for wastewater irrigation of vegetables eaten raw of a mean of 1,000 fecal coliforms (FC)/100 mL and , 1 helminth egg/L in effluent for irrigation.
However, the WHO and USEPA guidelines were made based on data from upland field agricultural system and may not be directly applicable to the paddy rice field agricultural system. Rice is the largest irrigated crop and ranks second only to wheat as the most extensively grown crop in the world. Paddy rice production requires a large quantity of water. The fields are flooded before ploughing and the water level is held at 4-6 cm in shallow rice fields and as high as 10 cm in continuous flooding irrigation during the growing season (Rath et al., 2000) . In the paddy rice cultivation process, farm workers are possibly in direct contact with and inhale, by aerosol, reclaimed wastewater irrigation. Many epidemiological studies were reported on the agricultural reuse of raw wastewater and partially treated wastewater on the nearby population, but little in paddy rice cultural system. Farm workers and their children in contact with wastewater through irrigation or play have a significantly higher prevalence of Ascaris infection than those in a control group, and the excess infection is greater than in adults (Blumenthal et al., 1996; Peasey et al., 2000) . This paper describes characteristics of indicator microorganisms during paddy rice culture with reclaimed water irrigation to provide basic scientific data for the establishment of national guidelines for agriculture reuse of reclaimed water.
Materials and methods

Treatments and sampling
Eight treatments were examined and each one was triplicated to evaluate the changes of microorganism concentrations in 2003 and 2004 growing seasons: control group ((1) stream-water irrigation, and (2) reservoir-water irrigation), (3) biofilter-effluent irrigation, UV-disinfected water irrigation ((4) UV6, (5) UV16, (6) UV40, and (7) UV68 mW·s/cm 2 ), and (8) pond-treated water irrigation. Samples of paddy rice plots were normally collected weekly or biweekly after irrigation and fertilisation. Samples were also collected four times a day to evaluate the change of microorganisms during 24 h immediately after irrigation. The microorganisms of interest were total coliform, fecal coliform and E. coli, and they were analysed by Standard Methods (APHA, 1998) and the SPSS for Windows version 10.0 was used for statistical analysis.
Experimental plots
The study site was near the small sewage treatment plant (absorbent biofilter) of a 16-unit apartment complex at Yang-pyeong province, Korea in 2003. The size of the experimental plot was 50 cm (L) £ 40 cm (W) £ 40 cm (H) with surface area of approximately 2,000 cm 2 ( Figure 1a ), and it was filled with paddy soil leaving 10 cm for irrigation water.
The plot exterior was wrapped with a piece of thick textile to reduce the effect of temperature. In 2004 the experimental plot was a concrete structure at Konkuk University in Seoul, and its size was 100 cm (L) £ 100 cm (W) £ 100 cm (H) with a surface area of approximately 10,000 cm 2 . The plot was near the absorbent biofilter for treatment of sewage from a school building, with toilets being the main source of pollutant discharge. The bottom 50 cm was filled with gravel and sand, with paddy soil on top leaving 15 cm space for irrigation water (Figure 1b ). Four ponds were constructed with concrete structure along with the wetland system, and wetland-effluent was used as input to the ponds ( Figure 1c ). Total water requirement of the paddy rice throughout the growing season was between 500 and 2,000 L/m 2 . The irrigation water was applied at a rate of 5 L and 30 L each time for approximately 15 times for 2003 and 2004, respectively, depending on rainy days.
UV-disinfection system
The flow-through type UV-disinfection system, with a useful volume of about 6 L, was constituted with a stainless cylindrical container which involved a low-pressure mercury vapour discharge lamp inserted into a quartz sleeve used to mechanically protect and seal the lamp (Figure 1d ). The system had two cylindrical UV chambers in series with one lamp each. UV dose is a product of the UV intensity (typically expressed in mW/cm 2 ) and the contact time with the UV source (sec), and the result is commonly known as an intensity £ time. The incident UV intensity (mW/cm 2 ) at 254 nm was measured with a calibrated dosimeter (VLX-3W CE, Vilber Lourmat, France) and the average intensity was calculated by the point-source summation method (USEPA, 1986; AWWA, 2000) . Seventeen (Lighttech/G10T5L) and 40 W (Pilips/TUV36WT5) lamps were used on study for disinfection of biofilter-effluent.
Results and discussion
Water quality of irrigation water Table 1 summarises the characteristics of irrigation water to treatment plots during experimental period. The strength of biofilter-effluent in 2003 was slightly lower than in 2004, partly because the latter was new and in the initial stage of operation was less stabilised. The potential effects of SS on UV efficiency include particle shading, scattering of UV light, absorption of UV light, and microorganisms embedding in large particle (Yoon et al., 2004) . A higher strength of water quality parameters in biofilter of 2004 needed more UV dose than in 2003 experiment to maintain similar level of microorganisms in irrigation water. Photoreactivation enables UV-inactivated microorganisms to recover and may reduce the efficacy of UV-disinfection (Kumiko et al., 2002) . Preliminary results demonstrated that indicator microorganisms, reactivation was observed in the UV dose of 6 mW·s/cm 2 and numbers increased up to 5% under the fluorescent lamp. However, in the case of 16 mW·s/cm 2 , reactivation was not significant and less than 1%.
Microorganisms change in 24 hours
Concentrations of indicator microorganisms in the experimental plots were in the range of 10 2 -10 5 MPN/100 mL during the 24 h after irrigation as shown in Figure 2 . Concentrations of microorganisms showed large variation among the triplicated plots of same treatment. They increased immediately after irrigation to each experimental plot, and decreased approximately 45% after in 24 h which might be attributed to the settling. It implies that agricultural activity (e.g. rice transplanting and fertilisation) needs to be practised 1-2 days after irrigation in paddy fields, considering more chance of farmer's physical contact with elevated concentration of microorganisms. The irrigation process might agitate paddy sediment and microorganism concentration in ponded water can sharply increase by high concentration of sediment where microorganisms are confined to a thin surface sediment layer that is approximately 5 mm thick with high density (Chapra, 1997) . Flood irrigation is commonly practised in actual paddy rice fields in Korea, and unlike in the experiment, it might affect the limited inlet zone rather than whole paddy fields in a field scale.
Even non-detectable levels of microorganisms in UV16 irrigation water generated the ponded water concentration to the level of 1,000 MPN/100 mL, due to background and sediment concentrations. Concentrations of microorganisms in May and June were higher than other periods, where initial irrigation water for transplanting preparation was reclaimed-water (BE) without UV-disinfection for all the treatments. Microorganism concentrations of experimental plots were compared with actual paddy fields nearby and they are summarised in Table 2 . Generally, they were in the similar range to the actual fields, except the BE plot which was the higher. UV-disinfected water irrigation showed significantly lower than the BE and their levels were within the range of actual paddy rice fields with natural water irrigation. It implies that adequate UV-disinfection of secondary level effluent might reduce microorganism concentration to the background level of the actual fields with natural water irrigation.
Microorganisms variation during growing season
A large variation of microorganism concentrations were observed with sampling time during the growing season, and the reason might be dilution by rainfall and agitation of sediment (Figure 3) . BE of 2004 experiment plots showed higher concentrations in the range of 10 3 -10 4 because of relatively poor irrigation water quality, which demonstrated that poorly treated wastewater might increase the health risk by pathogens. UV-disinfected water irrigation showed significantly lower concentrations than other treatments and their levels were within the range of paddy rice fields with normal surface water irrigation. coli concentration at p ¼ 0.05.
Discussion
Wastewater can be a valuable resource; however, without safe and efficient management of reclaimed water based on epidemiological and microbiological studies, its goal cannot be achieved. Many epidemiological studies were performed based on upland fields, and they may not be directly applicable to paddy fields. Rice is normally consumed after cooking, but the paddy field is impounded for most of the growing season and associated health risks can be more significant than the upland system. Direct contact of farmers and neighbourhood children with partially treated wastewater (mean 4 £ 10 3 and 10 5 FC/100 mL, similar with biofilter-effluent in this study) resulted in little excess
Ascaris infection in any group; however, there was a significant excess of diarrhoeal disease in children aged 5-14 years (Cifuentes, 1998) . Therefore, irrigation of secondary effluent to the paddy fields can increase the risk of infection such as Ascaris and diarrhoeal disease, and disinfection is recommended. Reclaimed water irrigation has been practised in rural areas without acknowledgement of its potential health risks in Korea. It was demonstrated in this study that not properly treated wastewater can increase health risks associated with microorganisms, and also there was an indication that continuous irrigation with a high strength of salts can result in accumulation in the soil. Natural water irrigation to the paddy rice fields is essentially preferred, but in the case of water shortage supplemental use of reclaimed water irrigation could be practised with care, rather than irrigation of reclaimed water only.
Conclusions
This study was initiated to examine the effects of reclaimed water irrigation on the paddy rice culture. The UV-disinfection with sufficient dose was found to be adequate to control microorganism concentration after irrigation in paddy rice plots. Microorganism concentrations in the experimental plots ranged from 10 2 -10 5 MPN/100 mL. A large variation in microorganism concentrations was observed in rice paddy plots, mainly by rainfall during growing seasons; however, treatments of UV-disinfected water irrigation showed consistently lower concentrations than others without disinfection. Field monitoring data showed that a certain level of background concentration (TC 1,000 MPN/100 mL, FC 500 MPN/100 mL, and E. coli 300 MPN/100 mL) was maintained during the growing seasons even though natural water was irrigated. The reclaimed wastewater irrigation to paddy rice culture might increase health risks; therefore, UV-disinfection with sufficient dose to the secondary level effluent is suggested to protect public health. With care, the reclaimed water might be used as a supplemental source of irrigation water to paddy rice fields in cases of water shortage rather than a sole source of irrigation water.
